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Summary
Objective: The objective of this study was to study injury and reconstruction of the anterior cruciate ligament (ACL)
and their e#ects on knee osteoarthritis.
Design: This manuscript discusses the function of knee ligaments, including the basic mechanical properties, the
structural properties of their respective bone–ligament–bone complexes, as well as their time- and history-dependent
viscoelastic characteristics. The in-situ forces in the ACL and its replacement grafts and knee kinematics before and
after ACL reconstruction are also examined.
Results: A robotic/universal force-moment sensor (UFS) testing system has been developed which o#ers a unique
method in determining the multiple-degree of freedom knee kinematics and in-situ forces in human cadaveric knees.
Under a 110 N anterior tibial load we found at flexion angles of 15) or lower, there was a significantly larger in-situ
force in the PL bundle (approximately 75 N) of the ACL as compared to the AM bundle (approximately 35 N) (P<0.05).
We also found that a quadruple semitendinosus and gracilis tendon ACL graft may be better at fully restoring in-situ
forces for the whole range of knee flexion when compared to a bone–patellar tendon–bone ACL graft.
Conclusions: The robotic/UFS testing system allows us to determine knee kinematics and the in-situ forces in
cadaveric knees in a non-invasive, non-contact manner. Additionally, the ability to reproduce kinematics during
testing allows us to evaluate ACL and ACL graft function under external and simulated muscle loading conditions.
Finally, we can also examine many of the variables of ACL reconstructions that a#ect knee kinematics and graft forces
including graft tensioning, graft type, graft placement and tibial positioning during graft fixation.
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THE INCREASED emphasis on athletic participation
and interest in high impact or high-risk sports has
brought with it a concomitant increase in soft
tissue injuries in and around the knee. A three-
year study performed at a knee injury clinic in San
Diego provided evidence that the average rate of
knee ligament injuries is 98 per 100 000 population
annually. Projecting from the study data, one can
estimate the incidence of knee ligament injuries in
the United States to be 70 000 anterior cruciate
ligament (ACL) injuries per year, 40 000 medial
collateral ligament (MCL) injuries per year, and
20 000 combined ACL/MCL injuries per year [1, 2].
Although the exact frequency of tendon injury
about the knee is unknown, Ja¨rvinen detailed that
approximately 41% of the patients presenting at110the Turku Outpatients Sports Clinic in Finland
had tendon-related knee disorders [3].
In addition to acute disability, ligament and
tendon injuries have the potential to produce
chronic disability, and may result in premature or
even long-term degenerative changes in the knee
[2, 4, 5, 6]. Because of these sequelae, gaining a
better understanding of the biomechanical behav-
ior of tendons and ligaments is essential, as this
knowledge can provide insight into the injury,
repair, and remodeling processes, allowing the
development of more e#ective treatment and
rehabilitation methods.
This manuscript discusses the function of knee
ligaments and tendons, their basic mechanical
properties, including their viscoelastic character-
istics, as well as the structural properties of
their respective bone–ligament–bone and muscle–
tendon–bone complexes. We will focus on the
clinical and experimental results of ACL recon-
struction, which point out the need for a thorough
knowledge of ACL function in the knee in order to
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cols. The ACL and the patellar tendon (PT) will be
discussed in particular, as injury to the ACL can
lead to damage of the other soft tissues in the knee,
including articular cartilage and the menisci,
whereas the PT has been the primary tissue util-
ized for ACL replacement grafts for over a decade.
Several areas of this research that might improve
the treatment of ligament and tendon injuries are
also reviewed, including our use of the robotic/
universal force-moment sensor (UFS) system. This
includes our study to determine the in-situ forces
of the intact ACL and knee kinematics in multiple
degrees of freedom. The potential utility of our
robotic/UFS system in the evaluation of the behav-
ior of ACL replacement grafts before and after
ACL reconstruction is discussed. This approach
o#ers possibilities in the design of new ACL recon-
struction procedures that would mimic the func-
tion of the intact ACL, with the aim to optimize
knee stability and minimize degenerative changes
in the knee. In addition, it provides the oppor-
tunity for us to delineate postoperative rehabili-
tation protocols which could improve surgical out-
come.Function of ligaments and tendons
The multiple tendons and ligaments in and
around the knee joint provide an important mech-
anism for both locomotion and the maintenance of
static and dynamic function of the joint through a
wide range of activities. These motions are combi-
nations of 3D translation and rotation that are
mediated by ligament forces, joint contact forces,
externally-applied forces, and musculotendinous
activity. The activation of dynamic muscular con-
trol by neural feedback mechanisms protects these
static stabilizers from displacements beyond their
mechanical limits [7, 8]. The nonlinear tensile
behavior of ligaments and tendons is particularly
suited to guide joint motion and provide stability
over a large range of externally applied loads.
When small forces are applied to the joint, they
exhibit low sti#ness to gently guide joint motion
during normal activities. However, if the joint is
subjected to excessively large forces or moments,
these parallel-fibered tissues display high sti#ness
to limit excessive joint motion.
Because the stability of the knee joint is main-
tained by a complex interaction between liga-
ments, meniscus, tendons, other tissues, and the
reaction forces acting on the articulating surfaces,
the disruption of any of the major ligament and
tendon components will cause abnormal joint kin-
ematics. For example, after disruption of the ACL,patients will experience increased instability, pri-
marily due to increased anterior tibial translation
[9]. Additionally, ACL disruption could reduce
valgus and internal rotational stability, especially
when the MCL is also disrupted [10, 11]. These
major changes in kinematics may induce adaptive
changes in some tissues around the knee in order
to improve joint stability, while other tissues may
experience breakdown due to excessive mechan-
ical stresses. Overall, a progressive deterioration
of the joint as a whole is evidenced by meniscal
damage, increased ligamentous laxity, and
articular cartilage degeneration [12, 13].
Complete rupture of the ACL is particularly
problematic, as it fails to heal functionally [14, 15].
The resultant chronic ligament insu$ciency
results in the clinical symptom of knee instability,
which is often intolerable even for recreational
athletes [16–19]. Therefore, various ACL recon-
structive procedures have been developed in order
to improve patient outcome [20, 21], allow su$-
cient restoration of stability, and permit some
high-demand athletes to return to their sport of
choice. In general, these procedures appear to be
successful clinically. However, it is known that
ACL reconstruction fails to completely restore
normal knee kinematics or prevent the associated
onset of joint degeneration [1]. This failure to
achieve an adequate restoration of normal knee
kinematics has motivated much of the recent
studies on the function of the normal ACL and
ACL replacement grafts. As a result, there are
numerous studies specifically aimed at the
measurement of structural and mechanical
(including viscoelastic) properties of the ACL and
that of its replacement grafts, as well as the
kinematics of the ACL-deficient and ACL-
reconstructed knee.Biomechanical properties of ligaments and
tendons
Ligaments and tendons consist of densely
packed collagen fibers which connect adjacent
bones or muscle to bone, respectively. Under polar-
ized light microscopy, the fibrils comprising liga-
ments and tendons appear in microstructural form
in a sinusoidal wave pattern, or commonly known
as the crimp pattern. Crimping is thought to have
significant influence on the mechanical behavior
of ligaments and tendons. This can be demon-
strated by examining the structural properties
obtained from tensile testing of a muscle–tendon–
bone or bone–ligament–bone complex. As a tensile
load is first applied, the relationship between
ligament/tendon load and elongation is nonlinear.
112 Allen et al.: Injury and reconstruction of the ACLFIG. 1. (A) Schematic load-elongation curve obtained
from tensile testing of a muscle-tendon-bone or bone-
ligament-bone complex. (B) The corresponding stress-
strain curve of the ligament or tendon substance.The nonlinear region of the load-elongation curve
is referred to as the toe region (Fig. 1(A); T), and is
characterized by large deformations with only
small increases in load, resulting from the straight-
ening of crimped collagen fibrils. Typically, the toe
region of the tendon lies within 3% strain [22], and
is rather small because the collagen fibers are
nearly parallel with the long axis of the tendon. As
the applied load continues to increase, all of the
fibrils become taut, resulting in an increase in
sti#ness (defined as the slope of the straight-line
portion of the load–deformation curve) (Fig. 1(A);
S). A third region of this load-deformation curve
shows a slight decrease in sti#ness as individual
fibers begins to fail (Fig. 1(A); Fy), followed by
catastrophic failure of the entire structure at
the ultimate load (Fig. 1(A); Fu) and ultimate
elongation of the structure (Fig. 1(A); Lu). The
area under the entire curve constitutes the energy
required to fail the structure (Fig. 1(A); W).
To di#erentiate the behavior of a bone–ligament
interface or bone–tendon interface from the mid-
substance of a ligament or tendon, stress–strain
curves may also be experimentally derived from
the mechanical properties of the ligament or ten-
don substance. The stress in a ligament is defined
as load per cross-sectional area (N/mm2=MPa),
while strain is defined as the change in length
divided by the resting length of the tissue sub-
stance. The characteristics of the stress–strain
curve are generally similar to the load–elongation
curve. From the resultant stress–strain curve, one
may obtain parameters such as modulus (slope
of the stress–strain curve, Fig. 1(B); E), tensile
strength (stress at which the tissue substance fails,
Fig. 1(B); ó ), and ultimate strain (strain at whichuthe tissue fails, Fig. 1(B); åu) of the tissue sub-
stance. The area under the entire curve constitutes
the strain energy density (SED) of the tissue
(Fig. 1(B); ø). Using these basic biomechanical
principles, characteristics of di#erent soft tissues
can be compared.
The e#ects of donor age and direction of load
application on the structural properties of the
human femur–ACL–tibia complex (FATC) have
been evaluated [23]. Structural properties of the
human FATC (linear sti#ness, ultimate load,
energy absorbed) decreased significantly with
specimen age. Additionally, the e#ects of knee
flexion angle and direction of applied load (ACL
axis or tibial axis) on the structural properties of
the rabbit FATC have been demonstrated [24]. The
ultimate load for the FATC was found to decrease
with increasing knee flexion when loaded along
the tibial axis. However, no such variation could
be detected for FATC loaded along the ACL axis.
For the human FATC, the specimens tested in the
anatomical orientation (tensile load aligned
with the ACL axis) had higher values for struc-
tural properties than specimens tested in the tibial
orientation (tensile load aligned with the tibia
axis) [23]. In fact, in the younger specimens
(22–35 years) tested in the ACL anatomic orienta-
tion, the linear sti#ness (242 MPa) and ultimate
load (2160 N) values measured were higher
than previously reported, setting appropriate
performance standards for ACL replacement graft
materials.
The complex bundle geometry of the ACL makes
the determination of mechanical properties of the
tissue substance di$cult, unless the ACL is
divided into bundles to ensure uniform stress dis-
tribution on the cross-section of each bundle dur-
ing uniaxial tensile testing. In this manner, the
mechanical properties of the medial and lateral
bundles of the rabbit ACL were evaluated [25], and
were found to be similar. For instance, the moduli
of the medial and lateral bundles were
516&64 MPa and 516&69 MPa, respectively.
However, the primary failure site for the two
bundles di#ered, with 90% of the lateral bundles
failing by bony avulsion and 90% of the medial
bundles having a combined avulsion/substance
failure. Butler et al. compared the mechanical
properties in fascicle-bone units from human patel-
lar tendon and knee ligaments [26]. The modulus
and tensile strength for the ACL were 278 MPa
and 35 MPa, while PT values were 643 MPa and
69 MPa, respectively. More recently, Butler et al.
examined the mechanical properties of the antero-
medial, anterolateral, and posterior bundles of
the human ACL [27] and noted higher values for
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anterior bundle when compared to those of the
posterior bundle.
It has been suggested that the inability to
consistently produce a substance failure experi-
mentally may be the result of performing load-
to-failure tests at lower strain rates. Danto and
Woo compared the mechanical properties of rabbit
ACL (medial portion) and PT (middle third) over a
wide range of strain rates [28]. Results showed that
the modulus of the rabbit PT was slightly more
sensitive to strain rate than the modulus of the
medial portion of the ACL; a 94% increase was
observed for the PT, and a 31% increase was
observed for the ACL. However, there was no
noted e#ect of strain rate on the failure mode of
either the ACL or the PT, with all but three
specimens failing at the insertion site.Resultsacl reconstruction in vivo
Knowledge of the biomechanical properties of
tendons and ligaments is essential for optimizing
ACL reconstruction graft selection. Historically,
graft selection was often based on the sti#ness and
ultimate load of the isolated graft complex (i.e., the
sti#er and stronger, the better). However, despite
the high sti#ness and ultimate load of patellar
tendon grafts at the time of implantation, it has
been demonstrated that the biomechanical proper-
ties of the grafts decline after being used for ACL
reconstruction, and do not recover to their orig-inal levels or those of the normal ACL. In rabbits,
autografts from the medial one-third of the PT
have been tested up to one year after ACL recon-
struction, revealing that the structural properties
reached maximal values at 30 weeks. However, the
maximum values for sti#ness and ultimate load
were only 24% and 15% of the values for the
control FATCs [29]. After 52 weeks, these values
reduced to 13% and 11% of control FATCs,
respectively. Similar results have been obtained
utilizing a canine model [30]. Ng et al. have
recently reported long-term results using a PT
autograft in goats, demonstrating that the sti#ness
and ultimate load of the grafts were 49 and 44% of
the values of the control FATC three years after
reconstruction [31].FIG. 2. Schematic representation of (A) stress relaxation under a constant elongation, and (B) creep under a
constant load.viscoelastic properties of ligaments and tendons
The time- and history-dependent viscoelastic
behavior of ligaments and tendons, including
creep, stress-relaxation and hysteresis, may
explain the post-operative changes observed in
graft properties [32–34]. Stress–relaxation behav-
ior describes the decrease in load (or stress) of a
viscoelastic material subjected to a constant elon-
gation (Fig. 2(A)). Similarly, creep represents the
time-dependent elongation of a tissue subjected to
a constant load (or stress) (Fig. 2(B)). This viscoe-
lastic behavior will cause a hysteresis loop during
one cycle of loading and unloading between two
limits of elongation. The area between the loading
and unloading curves represents the energy losses
114 Allen et al.: Injury and reconstruction of the ACLFIG. 3. Schematic diagram of cyclic loading-unloading
curves for ligaments or tendons. Both the area of
hysteresis and the peak load reduce with the number of
cycles.within a tissue during each cycle (Fig. 3). Because
of stress–relaxation, the peak load at the same
elongation decreases with each cycle. Over the
course of several cycles the area of hysteresis is
also reduced, making the curves more repeatable.
This phenomenon provides the rationale for pre-
conditioning tissue specimens prior to performing
tensile testing.
Clinically, the phenomenon of stress–relaxation
suggests that the initial tension applied to fix a
graft at a set length (elongation) during ACL
reconstruction can significantly decrease over
time. Graf et al., using primate patellar tendon
grafts, noted that pre-conditioned specimens
experienced a significant reduction in stress–
relaxation when compared to specimens which
were not pre-conditioned, i.e., a 31.2% drop in
initial load over 10 minutes versus a 69.8%
drop [35]. This study demonstrates that intra-
operative graft pre-conditioning prior to fixation
could minimize the amount of stress–relaxation
of the graft after fixation, improving surgical
outcome.
Cyclic stress–relaxation behavior also plays a
role in preventing ligament or tendon injury, as
they normally undergo an extensive number of
cyclic elongations during the performance of daily
activities. These repetitive sub-failure stresses
have the potential to cause fatigue failure. How-
ever, cyclic stress–relaxation results in a reduction
in stress with each elongation cycle, preventing
fatigue failure. Cyclic stress–relaxation (or creep)can also be translated to explain the importance of
warming up or stretching out prior to vigorous
physical activity in order to decrease maximal
tissue stresses.
Static and cyclic stress–relaxation and creep
tests can also be used to formulate mathematical
descriptions which characterize or predict the vis-
coelastic response of a tissue. The quasilinear
viscoelastic (QLV) theory developed by Fung [36]
has been useful in describing and predicting the
time- and history-dependent viscoelastic proper-
ties of ligaments and tendons [33, 37, 38]. This
theory allows ligaments and tendons to be
described by a stress history integral and an elas-
tic response. Five constants are determined by a
nonlinear least-squares curve-fitting procedure
using data obtained from stress–relaxation and
load to failure tests [33, 38]. These constants
are validated by comparing loads predicted utiliz-
ing the constants in a mathematical formula
to experimentally-determined cyclic elongation
loads. Thus, for a known strain history, one can
use the QLV theory to predict the stress in a tissue
at any time, assuming a uniform distribution of
stress across the cross-section.
Recently, a more general, nonlinear, single inte-
gral finite strain (SIFS) viscoelastic theory to
model the behavior of ligaments and tendons has
been utilized [39, 40]. This theory can describe the
finite deformation of a three-dimensional, nonlin-
early viscoelastic solid, and follows the work on
general integral series representations by Pipkin
and Rogers [41]. The development of our current
theoretical model began with the assumption that
the Cauchy stress T at time t in a material has the
form [41]:
where p is the indeterminate part of the stress
arising due to the constraint of incompressibility, I
is the identity tensor, F is the deformation
gradient tensor, and C is the Cauchy-Green
strain tensor, which is equal to the product FT · F,
where FT is the transpose of F. The symbol R
represents a strain-dependent tensorial relaxation
function.
We have applied this theoretical model to
data obtained from the uniaxial extension of
patellar tendons of older and younger human
donors [39]. For the application of uniaxial ten-
sion, equation (1) reduces to a single integral
Osteoarthritis and Cartilage Vol. 7 No. 1115FIG. 4. (A) Shows a SIFS curve fit for a stress-relaxation test, and (B) shows a SIFS curve fit for a tensile stress-strain
test. Values from these curve fits were then used in the SIFS theory to predict peak stresses resulting from an imposed
cyclic elongation (C). (Reprinted with permission from [39].)equation relating the stress history to the stretch
history:
where t is time and º is the stretch ratio (=l(t)/l0,
where l(t) is the current length and l0 is the
original length); stretch º is related to strain by
the simple relation [(l(t)"l0)/l0]. The function G(t)
was proposed to capture the physics of the stress–
relaxation response exhibited by ligaments and
tendons and selected to be a decreasing function of
timewhere Æ is a constant. The shear modulus, ì, is
assumed to be a function of the invariants of C,
and the following specific form was used:
Applying this SIFS theory for this case required
three tests: (1) a stress–relaxation test; (2) a cyclic
stress–relaxation test; and (3) a tensile test to
failure. Data from tests 1 and 3 were used to obtain
the constants by a nonlinear curve fitting scheme;
Æ, ª, and C0 from test 1 and ì0 from test 3. With
these determined, equation (2) was then used to
calculate the peak stresses during the cyclic stress
relaxation test and compared with those from the
experimental data (test 2) for validation. If the
predictions and experimental results are similar,
then the constants and the theory are validated.
For example, Fig. 4(A) shows representative exper-
imental data for stress–relaxation tests, which
has been curve-fitted to yield SIFS constants, and
116 Allen et al.: Injury and reconstruction of the ACLFig. 4(B) shows experimental tensile stress–strain
data which has also been curve-fitted. As noted
above, these constants were then used in the SIFS
theory to predict the peak stresses resulting from
an imposed cyclic elongation for older human
patellar tendons (Fig. 4(C)).
The SIFS theory can also be used to describe the
viscoelastic behavior of tissues subjected to more
complex loading conditions than uniaxial tension.
In the limiting case of infinitesimal strain under
uniaxial tension, the SIFS theory reduces to the
QLV theory [39].methods to determine the function of ligaments
in the knee
The biomechanical properties of individual liga-
ments and tendons represent only one aspect of
their function. To gain a full understanding of the
role of knee ligaments and tendons, it is also
important to know how these structures interact
with each other and to examine the levels of
stresses and strains in these structures during
knee joint function. It is therefore necessary to
evaluate the forces carried by ligaments and ten-
dons and the resulting joint kinematics in
response to a given load applied to the knee.
Techniques to quantify the kinematics of the knee
joint in response to external loads include the use
of goniometers [42], the tracking of pins embedded
in the femur and tibia [43], the use of multiple-
degree of freedom linkage systems [44, 45], optical
tracking [46], roentgen stereophotogrammetry
[47–51], and electromagnetic tracking devices [52].
To determine the in-situ forces in ligaments,
other techniques have been developed which can
be classified by whether mechanical contact is or is
not made with the ligament. Buckle transducers
[53–56] and implantable transducers [57–60]
require direct contact of the instrumentation with
the ligament in order to measure the in-situ force
in a ligament. However, these methods require
altered lengths or shapes of the ligament, and
thus the in-situ force measured. For this reason,
many investigators have developed non-contact
approaches to determine the forces in knee liga-
ments, including the placement of in-line external
force transducers [61, 62] and the use of X-rays to
measure ligament and bone anatomical relation-
ships in order to determine cruciate ligament ten-
sions as a function of AP tibial load and tibial
angle [63]. Another consideration in measuring
ligament in-situ forces or knee kinematics is the
degrees of freedom (DOF) of knee motion allowed
during testing. Early studies were performed by
limiting knee motion to only a single DOF, e.g.,evaluating the function of the ACL by measuring
anterior translation of the tibia with respect to the
femur while restricting all other DOFs. In reality,
clinical tests such as the anterior drawer and
Lachman tests are usually performed at a specific
knee flexion angle but allow unrestricted tibial
motion. In fact, studies have demonstrated that the
tibia not only displaces anteriorly but also rotates
internally in response to an anterior tibial load
[64]. Recently, we have focused on the develop-
ment of new testing systems to measure the in-situ
force in the ACL under multiple-DOF knee motion
[44, 45]. Our research center has developed a
robotic/UFS system with the capability of measur-
ing the kinematics of the knee and the in-situ
forces in knee ligaments in response to external
loads in a direct, noncontact manner. This testing
system allows the knee to move without con-
straint, and permits the complete characterization
of ligament in-situ forces including magnitude,
direction and point of application. Furthermore,
the system allows multiple tests to be performed on
the same cadaveric knee specimen, minimizing
interspecimen variability.the robotic/ufs system
Our robot is a 6-DOF manipulator (Fig. 5) which
can be combined with a UFS to operate in both
force-control or position-control modes [65]. In the
force-control mode, the robot can learn the pos-
itions of an intact knee during passive flexion/
extension as well as in response to the application
of external loads. This allows the determination of
the changes in knee kinematics under di#erent
external loads, or due to transection of specific
structures such as the ACL. In the position-control
mode, the robot can reproduce these recorded
positions after a structure such as the ACL has
been cut. The force-moment readings measured by
the UFS before (Fz1) and after (Fz2) transection can
then be used to calculate the in-situ forces in that
structure by means of the principle of superposi-
tion (Fz1"Fz2) [66]. We have used this robotic/UFS
system and its application was first verified
against an Instron materials testing machine
(Instron>, Model 4502, Canton, MA) using porcine
knees [67]. Under 1-DOF motion (due to the limi-
tations of the Instron), we obtained similar results
in terms of the magnitude of the in-situ force in the
ACL and the anterior tibial translation under
100 N of anterior tibial load.in-situ force in the acl and its distribution
The e#ect of knee constraints (5-DOF versus
1-DOF) on the in-situ forces in the ACL were next
Osteoarthritis and Cartilage Vol. 7 No. 1117FIG. 5. Schematic of the robotic/UFS system. During A-P tibial loading at a chosen flexion angle (0), 15), 30), 60) or 90)),
force control is used to guide the robot in the other DOFs.FIG. 6. Bar graph demonstrating the e#ects of constraint
conditions at the knee on the in-situ force in the AM
bundle of the ACL (expressed in percent of forces in
the ACL) under 100 N anterior tibial loading (n=8,
mean&SD, porcine knees). (Reprinted with permission
from [68].)studied. By using the robotic/UFS system, both the
1-DOF and 5-DOF tests could be performed on the
same knee, minimizing inter-specimen variability.
We found that there are distinct di#erences in the
direction, point of application, and force distribu-
tion of the in-situ force in the ACL between the
5-DOF and 1-DOF conditions [68]. Specifically, the
direction of the ACL in-situ force vector changed
with the degree of constraint. Additionally, the
point of application of the in-situ force in the
entire ACL moved to a more antero-medial (AM)
portion of the tibial insertion site in the con-
strained testing case. The distribution of forces
between the AM and postero-lateral (PL) bundles
of the ACL was relatively uniform at all flexion
angles for the unconstrained case (Fig. 6). How-
ever, in the constrained case, the AM bundle
supported significantly higher forces at 60) and 90)
of flexion (P<0.05). Notably, the magnitude of the
in-situ force developed in the entire ACL were not
significantly di#erent for the unconstrained and
constrained knees.
A follow-up experiment examined the in-situ
force in the human ACL and its distribution
between the AM and PL bundles under an applied
anterior tibial load. With a 110N load applied on
the tibia in the anterior direction, the magnitude
of the in-situ force in the ACL varied from a high
of 111&15 N at 15) of knee flexion to a low of
70&30 N at 90) of knee flexion [69, 70]. Knee
flexion angle did not significantly a#ect the mag-nitude of the in-situ force in the AM bundle, as it
only varied from a high of 47&34 N at 60) of knee
flexion to a minimum of 32&13 N at 0) of knee
flexion. In contrast, the magnitude of the in-situ
force in the PL bundle changed with flexion angle
in a manner similar to the ACL, varying from a
maximum of 75&18 N at 15) of knee flexion to a
minimum of 26&14 N at 90) (Fig. 7).
Our findings suggest that when human cadav-
eric knees are unconstrained, the PL bundle’s role
in response to anterior tibial loading may be more
118 Allen et al.: Injury and reconstruction of the ACLsignificant than previously thought. Restoration of
knee function with ACL reconstruction, may
hence need to account for the contribution of the
PL bundle. Many authors have recommended
anterior placement of the tibial tunnel to repro-
duce the AM bundle primarily because of the belief
that the AM bundle carried higher forces than the
PL bundle and because it was thought to restore
‘isometricity’ [20, 71, 72]. Recent investigations
have recommended progressively greater posterior
placement of the tibial tunnel to avoid anterior
impingement [73], as well to reproduce the good
functional outcome of patients with AM-bundle-
only tears [74]. Indeed, our data o#ers one
additional biomechanical substantiation of the
soundness of the latter approach.acl reconstruction
The robotic/UFS system was used to evaluate
and compare two popular ACL reconstruction pro-
cedures, i.e., bone-patellar tendon-bone (BPTB)
and quadruple semitendinosus and gracilis tendon
(QST/G), performed on the same human cadaveric
knee. By utilizing the robot to position the knee
during graft fixation, the impact of variations in
knee positioning during graft fixation can be mini-
mized. While the QST/G and BPTB reconstruction
procedures both reduced the anterior tibial trans-
lations significantly when compared to the ACL-
deficient knee [69], they were unable to fully
restore anterior tibial translations as compared to
that of the intact knee. In terms of the in-situ force
in the grafts, they were both unable to develop
forces similar to that of the intact ACL (Fig. 8). Itwas noted that the BPTB graft carried signifi-
cantly smaller in-situ forces at 60) and 90) when
compared to the intact ACL, whereas the QST/G
graft carried significantly larger in-situ forces at
60) and 90) than the BPTB reconstruction. These
findings suggest that the QST/G reconstruction
may have a potential advantage over BPTB recon-
struction because its in-situ forces secondary to
anterior tibial loading more closely mimic those
normally carried by the intact ACL at a wider
range of knee flexion angles.FIG. 7. In-situ force in the human ACL, and its AM and
PL bundles when the knee is subjected to 110 N anterior
tibial loading (n=9, mean&SD). (Reprinted with permis-
sion from [70].)FIG. 8. In-situ forces in the reconstructed grafts
(expressed in percent of the in-situ forces in the intact
ACL) as a function of flexion angle, under 110 N anterior
tibial loading.future applications
It is clear that the robotic/UFS system provides
a new and powerful methodology for the study of
knee biomechanics, demonstrated by its ability to
quantify knee ligament forces and joint kinematics
secondary to applied external loads. In the future,
loading modes that mimic activities of daily living
will be examined. Further, the contribution of the
menisci, the collateral ligaments, and the postero-
lateral structures of the knee will be studied.
Because there is significant load sharing by the
various soft tissues in the normal knee, injury to
one of these structures may result in an increase in
the in-situ forces of the remaining intact struc-
tures. Thus, quantitative data will help to eluci-
date the clinical sequelae of ligament injuries,
meniscal tears, and cartilage damage.
In the hope of optimizing current reconstruction
techniques, future evaluation of ACL reconstruc-
tion procedures using the robotic/UFS system
under combined external loading conditions can
provide a database to evaluate the advantages of
one reconstruction procedure over another.
Specific factors, such as the initial graft tension,
graft type, graft placement, and tibial positioning
Osteoarthritis and Cartilage Vol. 7 No. 1119during graft fixation and their e#ect on knee
kinematics and graft in-situ forces, will serve as
the basis for the optimization.
Finally, the ability of the robotic/UFS system to
apply a known set of joint kinematics to a cadav-
eric knee o#ers the possibility of investigating
knee behavior and in-situ ligament forces during
in-vivo activities. In-vivo knee motion data col-
lected during normal gait and stair climbing [46,
75] could be reproduced on a cadaveric knee using
the robot in order to evaluate ACL and ACL graft
function during the performance of daily activities
and post-operative rehabilitation protocols. This
approach will provide us with a tool to non-
invasively, but indirectly, predict both the short
and long-term outcome of an operative technique
or rehabilitation therapy.Acknowledgments
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